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The fate of exogenously supplied glycine betaine and the dynamics of endogenous osmolytes were investi-
gated throughout the growth cycle of salt-stressed cultures of strains of Sinorhizobium meliloti which differ in
their ability to use glycine betaine as a growth substrate, but not as an osmoprotectant. We present 13C nuclear
magnetic resonance spectral and radiotracer evidence which demonstrates that glycine betaine is only tran-
siently accumulated as a cytoplasmic osmolyte in young cultures of wild-type strains 102F34 and RCR2011.
Specifically, these strains accumulate glycine betaine as a preferred osmolyte which virtually prevents the
accumulation of endogenous osmolytes during the lag and early exponential phases of growth. Then, betaine
levels in stressed cells decrease abruptly during the second half of the exponential phase. At this stage, the
levels of glutamate and the dipeptide N-acetylglutaminylglutamine amide increase sharply so that the two
endogenous solutes supplant glycine betaine in the ageing culture, in which it becomes a minor osmolyte
because it is progressively catabolized. Ultimately, glycine betaine disappears when stressed cells reach the
stationary phase. At this stage, wild-type strains of S. meliloti also accumulate the disaccharide trehalose as a
third major endogenous osmolyte. By contrast, glycine betaine is always the dominant osmolyte and strongly
suppresses the buildup of endogenous osmolytes at all stages of the growth cycle of a mutant strain, S. meliloti
GMI766, which does not catabolize this exogenous osmoprotectant under any growth conditions.

Glycine betaine (N,N,N-trimethylglycine 5 betaine) is a very
powerful osmoprotectant in Sinorhizobium meliloti, the root
symbiont of the legume crop alfalfa. Indeed, exogenously sup-
plied glycine betaine strongly stimulates the growth of the
free-living bacterium and enhances nitrogen fixation activity in
nodulated alfalfa seedlings subjected to salt stress (1, 25, 28).
Furthermore, the uptake of glycine betaine is strongly stimu-
lated under osmotic stress, both in the free-living bacterium
and in isolated bacteroids (1, 12). However, in contrast to
well-studied models, such as Escherichia coli and Bacillus sub-
tilis, which only use glycine betaine as a nonmetabolizable
osmolyte, S. meliloti can use glycine betaine either as a growth
substrate or as a cytoplasmic osmolyte, depending on the os-
molarity of the growth medium (1, 2, 5, 13, 17). An example of
this dual utilization was provided by a labelling experiment in
which micromolar amounts of [14C]betaine were fed to two
cultures (stressed and unstressed) of S. meliloti 102F34 which
were initially grown in the absence of glycine betaine. Catab-
olism was very active in the unstressed cells but was barely
detectable in the stressed culture. Clearly, this indicates that
glycine betaine preferably accumulates as a cytosolic osmolyte

in stressed cells and provides further evidence of the key role
of this compound in osmoregulation in S. meliloti (1).

In the absence of osmotic stress, glycine betaine, choline,
and several choline esters, such as phosphorylcholine and ace-
tylcholine, strongly stimulate their own catabolism (i.e., their
assimilation via the glycine betaine demethylation pathway) in
S. meliloti and Pseudomonas aeruginosa (21, 25, 30). Choline-
containing compounds also confer high levels of stress toler-
ance to these species because they act as precursors to glycine
betaine, which is the true osmoprotectant. Generally, exoge-
nous levels of glycine betaine which provide maximal osmo-
protection to salt-stressed cells of betaine-demethylating bac-
teria (about 0.5 mM) have little effect on betaine catabolism in
unstressed cells because they are significantly lower than the
levels required to fully activate the glycine betaine demethyla-
tion pathway in unstressed cells (10 to 20 mM) (1, 10, 29, 30).
However, it has been established that glycine betaine, supplied
at very low levels (about 50 mM), can rapidly reach submolar
cytoplasmic concentrations in S. meliloti subjected to a sudden
osmotic upshift (24). Thus, there is a possibility, which has not
yet been explored, that high levels of cytosolic betaine in S.
meliloti may be regulatory and could reverse the strong osmotic
inhibition of betaine catabolism in stressed cells grown with
minimal levels of the osmoprotectant. In other words, there is
some uncertainty about the ability of betaine-demethylating
bacteria, such as S. meliloti, to accumulate glycine betaine as a
cytosolic osmolyte during long periods of osmotic stress.

In this study, we followed the dynamics of major organic
osmolytes and investigated the fate of exogenous glycine be-
taine throughout the growth cycles of strains of S. meliloti
which differ in their ability to use glycine betaine as a growth
substrate, but not as an osmoprotectant. We present spectral
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and radiotracer evidence demonstrating that betaine is only
transiently accumulated as a cytoplasmic osmolyte in young
cultures of two wild-type strains, but is durably accumulated as
a dominant osmolyte throughout the growth cycle of a mutant
strain, S. meliloti GMI766, which does not catabolize betaine
(13). The shift in osmolyte preference from exogenous glycine
betaine to osmolytes synthesized de novo in wild-type S. me-
liloti is discussed below in relation to the growth status of a
species which must cope with osmotic stress by using a bene-
ficial osmolyte which can activate its own catabolism (30).

MATERIALS AND METHODS

Bacterial strains and growth conditions. S. meliloti 102F34 (9) and RCR2011
(5 SU47) are standard laboratory strains. Strain GMI766 is a derivative of
RCR2011 in which unspecified gbc (glycine betaine catabolism) genes have been
deleted (13). The carbon- and nitrogen-free mineral base of the media used in
this study was S medium (23). Strains were maintained on plates containing MSY
(S medium plus mannitol and yeast extract [each at a concentration of 1 g/liter]).
In LAS minimal medium, sodium lactate and sodium aspartate (each at a con-
centration of 10 mM) were substituted for mannitol and yeast extract. Betaine,
lactate, and aspartate stock solutions (Sigma Chimie, St.-Quentin-Fallavier,
France) were sterilized by filtration.

Bacteria were grown aerobically at 30°C on a gyratory shaker (125 rpm).
Inocula were grown overnight in MSY, concentrated to an A420 of 10, and used
at a final concentration of 1% (vol/vol). Growth was monitored spectrophoto-
metrically at 420 nm by using a Varian 2000 spectrophotometer. Protein contents
were determined as described by Lowry et al. (20) by using bovine serum albumin
as the standard.

13C NMR spectral determination of intracellular osmolytes. Cultures used in
nuclear magnetic resonance (NMR) experiments were grown in LAS minimal
medium containing 0.5 M NaCl with or without 1 mM betaine supplied as an
exogenous osmoprotectant. Ethanolic extraction of cellular osmolytes and sam-
ple preparation for NMR spectral analysis were performed essentially as previ-
ously reported (34). Natural-abundance 13C NMR spectra were recorded at 75.4
MHz in the Fourier transform mode by using a Bruker model AM-300WB
spectrometer. Each sample was prepared from a fixed amount of cells (2,000 A420
units; i.e., 150 mg of protein/sample) by using 1,024 acquisitions, so that direct
visual comparisons of osmolyte profiles could be made. Osmolytes were identi-
fied by comparing the chemical shifts in the spectra with those of synthetic
compounds and/or previously published values (31, 34).

Fate of [14C]betaine in stressed cultures of S. meliloti. [methyl-14C]glycine
betaine was prepared enzymatically from [methyl-14C]choline (2.07 GBq/mmol;
NEN Research Products, Les Ulis, France) as previously described (30). The
accumulation and fate of [methyl-14C]glycine betaine in osmotically stressed
cultures of S. meliloti were investigated as follows. Strains were inoculated into
LAS minimal medium containing 0.5 M NaCl and 1 mM [14C]glycine betaine
(1.67 MBq/mmol). The experiments were conducted at 30°C in sealed 150-ml
Erlenmeyer flasks filled to a maximum of 1/10th of their capacity and shaken at
120 rpm. A 2-ml vial was hooked to each rubber seal. This vial contained a piece
of Whatman no. 1 filter paper (2 by 1 cm) moistened with 0.2 ml of 5 M KOH
to trap evolved 14CO2. Growth was monitored by measuring the A420 of the
cultures. Duplicate samples (1 ml) were harvested periodically by centrifugation
(12,000 3 g) and washed twice in 1 ml of iso-osmotic LAS minimal medium
without betaine. The cell pellets were extracted three times in 80% ethanol, and
the radioactivity in the ethanol-soluble fraction (ESF) and the ethanol-insoluble
fraction (EIF) was determined as previously described (1, 34). Then, glycine
betaine and radiolabelled metabolites in the ESF were identified by using high-
voltage electrophoresis and/or paper chromatography (1, 34).

Glutamate, NAGGN, and trehalose determinations. The cytoplasmic levels of
glutamate and the dipeptide N-acetylglutaminylglutamine amide (NAGGN)
were determined by high-performance liquid chromatography analysis of the
soluble fractions (34). Trehalose was measured colorimetrically by the anthrone
method as previously described (17, 34). The intracellular content of organic
osmolytes is reported below per milligram of cellular protein, which was deter-
mined as described by Lowry et al. (20). Cytoplasmic volumes were determined
as previously described (34). All experiments were repeated at least three times
with less than 10% error.

RESULTS

Variations in osmolyte composition during the growth cycle
of wild-type strains of S. meliloti. To determine whether S.
meliloti was able to catabolize exogenously supplied glycine
betaine at a significant rate during long periods of osmotic
stress, wild-type strains 102F34 and RCR2011 were grown in
LAS medium containing 0.5 M NaCl and 1 mM glycine be-
taine, which provides maximal osmoprotection (stimulation of

growth) to these strains (1). Samples were harvested at four
different stages of the growth cycle of the bacteria, the early,
mid-, and late exponential phases and the stationary phase of
growth. Then, 13C NMR spectroscopy was employed to iden-
tify all of the osmolytes that had accumulated to significant
levels in the cells. Strains 102F34 and RCR2011 behaved in
similar ways under our experimental conditions. As described
previously, stressed cultures of S. meliloti grown without be-
taine synthesized and accumulated two major organic os-
molytes, L-glutamate and the dipeptide NAGGN, during the
early and mid-exponential phases of growth and also accumu-
lated high levels of trehalose during the stationary phase (31,
34).

The spectral data obtained with strain 102F34 grown under
osmotic stress in the presence of glycine betaine are presented
in Fig. 1. Strikingly, only minor amounts of glutamate, but no
NAGGN, were detected in betaine-grown cells harvested in
the early exponential phase. In this case, exogenously supplied
glycine betaine was by far the dominant cytoplasmic osmolyte
(Fig. 1A). Clearly, these data indicate that (i) the transport and
accumulation of readily available glycine betaine are a mech-
anism of osmoregulation preferred over de novo synthesis of
endogenous osmolytes and (ii) cytosolic glycine betaine
strongly suppresses the buildup of endogenous osmolytes (glu-
tamate and NAGGN) in young cultures of S. meliloti.

In addition to glycine betaine and glutamate, cells harvested
in the mid-exponential phase of growth also contained appre-
ciable levels of NAGGN and traces of trehalose (Fig. 1B).
Then, betaine levels decreased markedly in late exponential
phase. Consequently, glutamate and NAGGN were the dom-
inant solutes, and glycine betaine became a secondary os-
molyte in these cells, which also contained trace levels of tre-
halose (Fig. 1C). Ultimately, glycine betaine disappeared from
the spectrum of cells harvested in stationary phase, which also
contained high levels of trehalose in addition to glutamate and
NAGGN (Fig. 1D). Interestingly, this spectrum was similar to
that of stationary-phase cells grown under osmotic stress with-
out glycine betaine (31, 34).

In summary, the spectral data in Fig. 1 clearly demonstrate
that the accumulation of glycine betaine is developmentally
regulated in wild-type strains of S. meliloti; i.e., glycine betaine
is preferably accumulated in young cultures and is then pro-
gressively replaced by osmolytes synthesized de novo (gluta-
mate, NAGGN, and trehalose) during late-exponential-phase
growth and in the stationary phase.

Fate of [14C]glycine betaine and dynamics of endogenous
osmolytes in two wild-type strains of S. meliloti. A radiotracer
experiment was performed to determine whether the changes
in osmolyte composition observed in wild-type strains of S.
meliloti grown with glycine betaine (Fig. 1) were due to the
substitution of endogenously synthesized osmolytes for the
transported osmoprotectant or to the possible metabolism of
glycine betaine in older cultures. S. meliloti 102F34 and
RCR2011 were inoculated into LAS minimal medium supple-
mented with 0.5 M NaCl plus 1 mM [methyl-14C]glycine be-
taine. Samples were removed periodically, and the distribution
of the radioactivity in the growth medium, the cellular ESF and
EIF, and 14CO2 was determined as described above. Again,
similar results were obtained with the two strains.

Figure 2 shows that about 15% of the supplied radioactivity
was taken up from the growth medium during the lag phase,
i.e., before the stressed culture of S. meliloti 102F34 started to
grow. Then, the radioactivity in the medium decreased linearly
with time and increasing cell density throughout the exponen-
tial phase. Consequently, less than 8% of the supplied radio-
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activity was recovered in the growth medium 25 h after inoc-
ulation, i.e., at the end of the exponential phase.

Interestingly, the supplied radiocarbon was quantitatively
recovered as [14C]glycine betaine in the ESF (the cytoplasmic
fraction) during the earliest stages of the culture. Indeed, no
significant amounts or small amounts of radioactivity were
recovered in the EIF before the culture reached an optical
density (A420) of 0.2 U, i.e., up to about 6 h after inoculation.
In other words, exogenous glycine betaine was accumulated as
a stable cytoplasmic osmolyte during the lag phase and the first
few hours of exponential growth. Then, its metabolism was
initiated (Fig. 2). However, the radioactivity in the ESF con-
tinued to increase parallel to the cell density increase during
the first half of the exponential phase, i.e., up to about 13 h
postinoculation. Then, it decreased very abruptly parallel to
decreasing radioactivity in the growth medium. Meanwhile, the
radioactivity in the EIF reached its maximal level during tran-
sition to stationary phase and decreased steadily in the ageing
culture because the radiocarbon was progressively transferred
to 14CO2. Ultimately, 46 h after inoculation, 50% of the sup-
plied radioactivity was recovered in 14CO2 (data not shown).

In summary, the data from this radiotracer experiment con-
firm that glycine betaine acts as a cytoplasmic osmolyte in S.
meliloti. They also indicate that the metabolism of the accu-
mulated betaine started early in the exponential phase and
continued in the growing and ageing culture, until the supply of
the exogenous osmoprotectant was exhausted. In other words,
glycine betaine was only transiently accumulated in stressed
cells of wild-type strains of S. meliloti.

To evaluate their contributions to osmotic adjustment, gly-
cine betaine and endogenously synthesized osmolytes were
also quantified at all stages of the growth cycle of S. meliloti
102F34 grown in the presence of 0.5 M NaCl plus 1 mM
[methyl-14C]glycine betaine. The radiolabelled betaine was
readily quantified following electrophoretic analysis of the
ESF. Figure 3 shows that the level of cytosolic betaine in

FIG. 1. Effect of exogenous glycine betaine on the osmolyte composition of
S. meliloti wild-type strain 102F34. The cells were grown in LAS minimal medium
containing 0.5 M NaCl and 1 mM glycine betaine. Samples were harvested 12, 17,
24, and 47 h after inoculation, i.e., in the early exponential phase (A), in the
mid-exponential phase (B), during transition to the stationary phase (C), and in
the stationary phase (D), respectively. Natural-abundance 13C NMR analysis of
ethanolic extracts was performed as described in Materials and Methods. All
spectra (1,024 scans) were obtained from a fixed amount of cells (2,000 A420
units) and are shown at the same scale. Resonances (peaks) from glycine betaine
(b), L-glutamate (g), the dipeptide NAGGN (d), and trehalose (t) are indicated
when these osmolytes were detected in the extracts. Similar spectra were ob-
tained when S. meliloti wild-type strain RCR2011 was grown and assayed under
similar conditions.

FIG. 2. Fate of [14C]glycine betaine during the growth cycle of a stressed
culture of S. meliloti wild-type strain 102F34. The culture was grown in LAS
minimal medium containing 0.5 M NaCl and 1 mM [methyl-14C]glycine betaine
(1.67 MBq/mmol), supplied as an exogenous osmoprotectant. Cells were har-
vested and extracted as described in the text. Symbols: F, growth expressed as
A420; h, radioactivity in the growth medium; ■, radioactivity in the ESF; å,
radioactivity in the EIF.
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stressed cells of S. meliloti increased from 1,400 nmol/mg of
protein in the lag and early log phases to 1,750 nmol/mg of
protein at mid-log phase and then decreased very abruptly.
The maximal level of glycine betaine in mid-log-phase cells
corresponded to a calculated cytosolic concentration of about
0.5 M. Ultimately, the betaine levels in stationary-phase cells
represented less than 10% of this maximal level. Strikingly, a
dramatic increase in glutamate and NAGGN levels was initi-
ated when the cytosolic betaine level started to decrease. In-
deed, during the second half of the exponential phase, the
glutamate and NAGGN levels increased 2- to 3-fold and 8- to
10-fold, respectively. Consequently, the two endogenous os-
molytes became the dominant solutes during transition to sta-
tionary phase and compensated osmotically for the sharp de-
crease in the intracellular betaine level observed in the ageing
culture. Lastly, the levels of trehalose, which were stable
throughout the exponential phase, increased during transition
to stationary phase, confirming previous observations that tre-
halose is a major osmolyte in ageing and nongrowing bacterial
cultures (5, 17, 32, 34).

Glycine betaine is durably accumulated as a cytoplasmic
osmolyte in stressed cultures of S. meliloti GMI766. The fate of
the osmoregulated pool of glycine betaine was also investi-
gated in S. meliloti GMI766, a deletion derivative of RCR2011
which is unable to catabolize glycine betaine (13). Strain
GMI766 was inoculated into LAS medium supplemented with
0.5 M NaCl plus 1 mM [methyl-14C]glycine betaine, which also
conferred maximal osmoprotection to this strain (data not
shown). Figure 4 shows that the radioactivity in the growth
medium decreased in proportion to increasing cell number
(A420) during the exponential phase, but did not decrease
thereafter. Indeed, 80% of the supplied betaine remained in
the growth medium when GMI766 had reached the stationary
phase (Fig. 4), while only trace levels of radioactivity were
found in the medium of older cultures of the wild-type strains
(Fig. 2). The radioactivity in the ESF increased in proportion

to increasing cell density during the exponential phase. Then,
it decreased by one-third during transition to stationary phase
and remained stable in the stationary phase. Furthermore, as
expected from a strain which does not metabolize glycine be-
taine (13), no significant amount of radioactivity was ever de-
tected in the EIF (Fig. 4) or in 14CO2, and only radiolabelled
betaine itself was identified in the growth medium and in the
ESF (data not shown). Thus, the cytosolic betaine in GMI766
was easily assessed by measuring the radioactivity of the ESF.
The curve expressing its levels (in nanomoles of betaine per
milligram of protein) could be rigorously superimposed on the
curve representing the ESF in Fig. 4. In other words, betaine
was durably accumulated in stressed cells of S. meliloti
GMI766. Interestingly, the maximal cytosolic levels were
reached during the exponential phase, i.e., in growing cells.
These levels were similar to those observed in mid-exponential
phase in strains 102F34 and RCR2011, i.e., before the catab-
olism of the osmolyte started in these strains (about 1,700 nmol
of betaine/mg of protein) (Fig. 3). Then, the betaine levels in
GMI766 decreased about one-third during transition to sta-
tionary phase, most probably because lower turgor is required
in nongrowing cells than in growing cells (18).

Lastly, the 13C NMR spectra from stressed cells of GMI766
harvested in early, mid-, and late log phases and in stationary
phase were very similar (data not shown). They were also
similar to the spectrum from a young culture of wild-type strain
RCR2011 which was harvested in early log phase, i.e., before
the metabolism of the osmoregulated pool of glycine betaine
started in this strain (Fig. 1A). In other words, glycine betaine
and glutamate were the only organic solutes to contribute
significantly to osmostasis in stressed S. meliloti GMI766 grow-
ing in the presence of the nonmetabolizable betaine. Gluta-
mate levels were eight to nine times lower than betaine levels
(data not shown).

FIG. 3. Variations in the osmolyte composition of S. meliloti wild-type strain
102F34 during growth at high osmolarity in the presence of glycine betaine. A
culture was grown in LAS minimal medium containing 0.5 M NaCl and 1 mM
[methyl-14C]glycine betaine (1.67 MBq/mmol). Cells were extracted in ethanol,
and cytoplasmic osmolytes were quantified as described in Materials and Meth-
ods. Symbols: F, growth expressed as A420; E, glycine betaine; ■, glutamate; å,
NAGGN; Ç, trehalose.

FIG. 4. Accumulation of exogenous glycine betaine during the growth cycle
of mutant S. meliloti GMI766, which does not catabolize this osmoprotectant.
Cells were grown in LAS minimal medium containing 0.5 M NaCl and 1 mM
[methyl-14C]glycine betaine (1.67 MBq/mmol), harvested, and processed as de-
scribed in the text. Symbols: F, growth expressed as A420; h, radioactivity in the
growth medium; ■, radioactivity in the ESF; å, radioactivity in the EIF.
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DISCUSSION

Glycine betaine is often viewed as an osmolyte which is
durably accumulated in stressed cells and is released into the
environment following a sudden osmotic downshift. This per-
ception usually stems from the fact that well-studied plants and
bacteria, such as halophytes, enteric bacteria, and many other
bacteria, do not catabolize glycine betaine under any growth
conditions (2, 5, 26). Unlike these organisms, S. meliloti uses
glycine betaine either as a source of carbon and nitrogen or as
a cytoplasmic osmolyte, depending on the osmolarity of its
growth medium (1). However, because glycine betaine stimu-
lates its own catabolism in unstressed cells (30), there has been
some uncertainty about the ability of S. meliloti to accumulate
glycine betaine as a cytoplasmic osmolyte during long periods
of osmotic stress. Therefore, in this study, we followed the fate
of this compound and monitored the changes in osmolyte
composition throughout the growth cycle of strains S. meliloti
which differ in the ability to use glycine betaine as a growth
substrate, but not as an osmoprotectant.

Our data confirm that exogenous glycine betaine is accumu-
lated as a cytoplasmic osmolyte in S. meliloti. However, we
show that glycine betaine is only transiently accumulated in
young cultures of wild-type strains RCR2011 and 102F34, but
is durably accumulated throughout the growth cycle of mutant
S. meliloti GMI766, which does not catabolize glycine betaine
(13). Furthermore, we show that high cytoplasmic levels of
glycine betaine in osmotically stressed cultures of S. meliloti
strongly suppress the buildup of endogenous osmolytes (glu-
tamate, NAGGN, and trehalose) in cells which do not catab-
olize the supplied osmoprotectant. Such shifts in osmolyte
preference from endogenous osmolytes to exogenous osmo-
protectants, such as glycine betaine, other betaines, and pro-
line, are well documented in bacteria and provide further ev-
idence that these zwitterionic compounds are highly
compatible solutes (5, 10, 17). Also, it is noteworthy that the
sum of all organic osmolytes is lower in ageing than in young
cultures of S. meliloti 102F34, particularly in the stationary
phase (Fig. 3). This probably reflects the fact that the level of
potassium (a counterion to glutamate) is consistently lower in
stressed bacteria accumulating high levels of betaine (5, 33,
36), but most likely increases in proportion to the level of
glutamate, which progressively supplants the catabolized be-
taine in 102F34. Moreover, it is acknowledged that the turgor
required to drive cell growth (elongation) is greater than that
required to maintain osmotic equilibrium in nongrowing cells
(5, 18).

Several nonexclusive interpretations may account for the
sequential accumulation of exogenous glycine betaine and en-
dogenously synthesized osmolytes in wild-type strains of S.
meliloti grown under osmotic stress in the presence of glycine
betaine. First, the glycine betaine accumulated in stressed cells
could be progressively catabolized because, as a compatible
solute, it may protect enzymes involved in its own catabolism
against the deleterious effects of osmotic and/or salt inhibition
(5, 35, 37).

Second, it is noteworthy that high-affinity betaine uptake
(Km 5 5 to 10 mM) is constitutive in S. meliloti, whereas it is
induced at high osmolarities in many other bacteria (1, 5, 15).
Furthermore, this uptake is rapidly and strongly stimulated
following a sudden osmotic upshock (there is a four- to sixfold
increase in uptake rate in less than 15 s). Consequently, up-
shocked cells of S. meliloti can accumulate half-molar concen-
trations of betaine from micromolar levels (,50 mM) of exog-
enous substrate in a few minutes (24). Then, growth can
resume at a suboptimal rate when positive cytoplasmic turgor

has been established to balance the osmotic differential be-
tween the cell and its environment (1, 5, 24). Later, during
exponential growth, the metabolism of the cytoplasmic pool of
glycine betaine could start because osmoadapted cells of S.
meliloti may sense that their environment is less stressful than
the environment of nonadapted cells. In contrast, stressed cells
grown without betaine must synthesize endogenous osmolytes
prior to resuming growth at high osmolarities. Apparently, the
accumulation of glutamate occurs because of rapid modifica-
tions of the activity of enzymes involved in glutamate metab-
olism (3). However, the synthesis of NAGGN and trehalose
requires the induction or the activation of specific genes. Ob-
viously, the setup of these metabolic pathways requires more
energy and is physiologically less efficient than the immediate
activation of a constitutive betaine uptake activity following a
sudden osmotic upshock (5, 24, 27, 31, 34).

Third, because it activates its own catabolism in unstressed
cells and accumulates to high levels in stressed cells (1, 30),
glycine betaine may also become regulatory in stressed cells of
S. meliloti. Therefore, the fact that there is dual utilization of
glycine betaine in osmoregulation and in nutrition in osmoti-
cally stressed cells of wild-type S. meliloti is not necessarily a
metabolic contradiction. Indeed, it is well established that gly-
cine betaine is an excellent growth substrate and a proven
intermediate in the assimilation of carnitine, acetylcholine,
and/or phosphorylcholine in S. meliloti, Pseudomonas fluore-
scens, and P. aeruginosa, i.e., in at least three species of the g
subclass of the Proteobacteria (11, 16, 21, 35). Furthermore, P.
aeruginosa uses glycine betaine both as a sole source of carbon
and nitrogen and as a cytosolic osmolyte during growth at high
osmolarities (19, 29). Moreover, to avoid possible interference
with constituents of rich media, the osmoprotective activity of
betaines is typically evaluated in defined minimal media (in
this study, a lactate-aspartate medium) which are not always
optimal for bacterial growth (1, 6, 8, 15). Thus, for all of these
reasons, it is not surprising that wild-type strains of S. meliloti
use glycine betaine as an additional growth substrate once they
can synthesize endogenous osmolytes.

The mechanism by which osmotic stress inhibits the catab-
olism of glycine betaine in young cultures of wild-type strains
of S. meliloti remains unclear. However, environmental factors
other than betaine itself and high osmolarity might direct the
utilization of this compound in nutrition or in osmoregulation.
As suggested above, the availability of readily metabolizable
growth substrates probably plays an important role. Indeed,
the nutritional status of a bacterium can affect its osmolyte
composition. For example, stressed bacteria growing under
nitrogen-limited conditions are biased toward accumulating
osmolytes with few or no nitrogen atoms (4, 27). The compo-
sition of the growth medium can also affect the level of salinity
tolerance of a bacterium. For example, Halomonas sp. strain
SPC1 grows on glycine betaine and ammonia at salinities up to
2.0 M NaCl. In this case, glycine betaine is used as a sole source
of carbon, as a cytosolic osmolyte, and as a precursor to ecto-
ine, the prominent endogenous osmolyte in this strain. Fur-
thermore, Halomonas sp. strain SPC1 can grow in the presence
of up to 3.5 M NaCl when glucose is supplied as the carbon
source and glycine betaine is supplied as an osmoprotectant. In
this case, glycine betaine, which is accumulated to high levels,
strongly reduces the accumulation of ectoine and is apparently
stable, as judged from in vitro enzyme assays (6, 7). Interest-
ingly, the accumulation of glycine betaine and ectoine is also
developmentally regulated when Halomonas sp. strain SPC1 is
grown at lower salinities (2.0 M NaCl); glycine betaine pre-
dominates over ectoine in the early exponential phase, while
ectoine is more abundant in the stationary phase (6).
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Like S. meliloti, two unidentified halophilic bacteria, strains
ML-D and ML-G, also use glycine betaine as an osmopro-
tectant and a growth substrate at high osmolarities. Interest-
ingly, the catabolism of glycine betaine predominates over ac-
cumulation of this compound in stressed cells; ML-D only
accumulates glycine betaine as a secondary osmolyte when it is
grown in the presence of more than 2.0 M NaCl, and ML-G
does not accumulate glycine betaine, even when it is grown in
the presence of 3.0 M NaCl, i.e., near its maximal level of
salinity tolerance (4, 8). The situation with glycine betaine in
ML-G resembles the situation with ectoine in S. meliloti
102F34 and RCR2011, in which ectoine never accumulates as
a cytoplasmic osmolyte, although it is highly osmoprotective in
these strains (34). This mode of osmoprotection is unusual and
very intriguing because it is not directly explicable by the clas-
sical model which specifies that osmoprotectants are beneficial
because they restore turgor in stressed cells and are compatible
with cellular functions at high cytoplasmic concentrations (5, 8,
34, 35, 38). This general mechanistic model can explain the
osmoprotective activity of glycine betaine in S. meliloti
GMI766 and in young cultures of wild-type strains 102F34 and
RCR2011. Furthermore, our data obtained with the catabolic
mutant (GMI766) demonstrate that osmoprotection by glycine
betaine in wild-type strains of S. meliloti is not linked to catab-
olism of this compound, as might be the case for ectoine in
these strains (34).

Lastly, this research raises the question of the relevance of
foiling the catabolism of glycine betaine and other betaines
found in alfalfa (37) to improve their osmoprotective activity in
S. meliloti. Strain GMI766 does not catabolize glycine betaine
because as-yet-unidentified genes have been deleted in this
strain (13). Consequently, glycine betaine is durably accumu-
lated as a preferred osmolyte in the stressed mutant (Fig. 4).
However, no further improvement in growth due to glycine
betaine is observed at high osmolarity in GMI766 compared
with the increase in growth rate and cell yield observed in
stressed cultures of RCR2011 or 102F34, which ultimately
catabolize the accumulated osmoprotectant. Such an improve-
ment might be achieved under experimental conditions which
remain to be determined or by using strains harboring appro-
priate mutations. However, we believe that preventing the ca-
tabolism of glycine betaine might not be the most judicious
approach because betaines, such as stachydrine (N,N-dimeth-
ylproline), trigonelline, and possibly glycine betaine itself, also
function as valuable nutritional mediators and nod gene induc-
ers during the symbiosis between alfalfa and S. meliloti (12–14).
Alternatively, the osmotolerance of Rhizobium species could
be increased through genetic engineering of metabolic path-
ways encoding the synthesis of new osmolytes which do not
play a crucial role in nutrition and/or in symbiosis in these
species (22).
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